In contrast to Escherichia coli, a model organism for chemotaxis that has 5 chemoreceptors and a single chemosensory pathway, Pseudomonas aeruginosa PAO1 has a much more complex chemosensory network, which consists of 26 chemoreceptors feeding into four chemosensory pathways. While several chemoreceptors were rigorously linked to specific pathways in a series of experimental studies, for most of them this information is not available. Thus, we addressed the problem computationally. Protein-protein interaction network prediction, coexpression data mining, and phylogenetic profiling all produced incomplete and uncertain assignments of chemoreceptors to pathways. However, comparative sequence analysis specifically targeting chemoreceptor regions involved in pathway interactions revealed conserved sequence patterns that enabled us to unambiguously link all 26 chemoreceptors to four pathways. Placing computational evidence in the context of experimental data allowed us to conclude that three chemosensory pathways in P. aeruginosa utilize one chemoreceptor per pathway, whereas the fourth pathway, which is the main system controlling chemotaxis, utilizes the other 23 chemoreceptors. Our results show that while only a very few amino acid positions in receptors, kinases, and adaptors determine their pathway specificity, assigning receptors to pathways computationally is possible. This requires substantial knowledge about interacting partners on a molecular level and focusing comparative sequence analysis on the pathway-specific regions. This general principle should be applicable to resolving many other receptor-pathway interactions.
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signal transduction | protein-protein interactions | chemotaxis | computational prediction T he microorganism Pseudomonas aeruginosa is ubiquitous and the leading cause of nosocomial infections (1) . It exhibits two types of motility, swimming and twitching, which are powered by flagellar motors and type IV pili (TFP), respectively. Both types of motility are controlled by chemosensory pathways and both are necessary for efficient host colonization and virulence (2) . The interference with motility and chemotaxis was proposed as a strategy to block infection (3) .
The chemosensory pathway controlling motility is best understood in Escherichia coli: it consists of five chemoreceptors that detect signals and relay information to CheA histidine kinase via a CheW adaptor protein. The signal is then transmitted to flagellar motors via a CheY response regulator, which is phosphorylated by CheA. The pathway also involves two adaptation enzymes, CheB methylesterase and CheR methyltransferase, which change the methylation state of the chemoreceptors, and CheZ phosphatase, which de-phosphorylates CheY (4, 5) .
In contrast to E. coli, more bacterial species have multiple chemosensory systems that control not only motility but also other cellular functions, and they have a correspondingly larger number of chemoreceptors (6) (7) (8) . In Rhodobacter sphaeroides, a model system for complex chemosensory pathways (9) , only 3 chemoreceptors of 11 have been rigorously linked to specific pathways (10, 11) , indicating that resolving their connectivity is difficult. Chemosensing in P. aeruginosa PAO1 is even more complicated. There are four chemosensory pathways that are encoded by five gene clusters. Cluster I and cluster V encode proteins that form the Che I pathway (Table S1 ), which is essential for chemotaxis (12) . According to the evolutionary classification scheme, this cluster belongs to class F6 (where letter F followed by the class number, 1-17, denotes pathways controlling flagella-mediated motility) (8) . Cluster II encodes proteins of the Che II pathway, which is required for an optimal chemotactic response (13) and virulence (14) and belongs to class F7 (8) . Che I/F6 and Che II/F7 pathway proteins localize to the cell pole, but at separate subcellular locations (15) . Cluster II genes are expressed in the stationary phase of growth, and all but mcpA are quorum-regulated (16) . Cluster III encodes the Wsp pathway (9) , which regulates biofilm formation by stimulating c-di-GMP synthesis (6) and belongs to the evolutionary class ACF (alternative cellular functions) (8) . The Wsp signaling complex is localized not only at the poles, but also around the periphery of cells (17, 18) . Finally, the Chp pathway, which is formed by products of cluster IV, controls twitching motility (19) , and causes alterations in the cAMP levels (20) ; it belongs to the evolutionary class TFP (8) .
P. aeruginosa PAO1 has 26 chemoreceptors that feed into these pathways (Table S1 ). Four of them are present in chemotaxis gene clusters: cluster II contains mcpA and mcpB and the chp and wsp clusters contain pilJ and wspA, correspondingly. The remaining 22 chemoreceptor genes are scattered over the genome. PilJ and WspA were rigorously and unambiguously demonstrated to be part of the Chp (19) (20) (21) (22) (23) and Wsp (17, 18, 24) Significance Multiple receptors transmit information to several signaling pathways that control cellular functions. Which receptor feeds into which pathway and what defines the receptor/pathway specificity are the key questions in cell biology. Here we show that in a model bacterium receptor/pathway specificity is determined by small motifs that can be revealed by comparative sequence analysis of receptor regions that interact with the pathway components. This study provides a path toward computational assignment of receptors to their respective cellular pathways in thousands of bacterial genomes.
pathways, correspondingly. Ten chemoreceptors-PctA, PctB, PctC (25, 26) , CtpH, CtpL (27, 28) , TlpQ (29) (15) . Finally, for 10 P. aeruginosa PAO1 chemoreceptors there are no data regarding their potential association with any of the four chemosensory pathways.
We apply several computational approaches to link each of the P. aeruginosa chemoreceptors to their respective signal transduction pathways and show that where chemoreceptors have been assigned to a pathway experimentally, they match computational predictions obtained by analyzing pathway-specific chemoreceptor regions.
Results

General Computational Approaches to Predict Protein-Protein
Interactions. First, all chemoreceptors were subjected to automated searches against the STRING database (34): the results are shown in Dataset S1. In each case, predicted interacting partners were components of chemosensory pathways, indicating the overall reliability of the method; however, unambiguous assignments to a single pathway could be made only for PilJ and WspA. Next, we extracted sequences of CheA, adaptors and chemoreceptors from complete Pseudomonadales genomes from the MiST database (35) and organized them in clusters of orthologous groups (COGs) (36), as previously described (37) (Dataset S2). The presence and absence of each COG was mapped to a phylogenetic tree of Pseudomonadales (Fig. S1 ). Based on these results, we can assign only one chemoreceptor, PilJ, to the corresponding Chp/TFP system. An interesting feature revealed by phylogenetic profiling is the apparent coevolution of McpA and the F7 and F8 pathways (Fig. S1 ). McpA is encoded in gene neighborhoods of F8 and F7 pathways, thus supporting its association with the Che II/F7 pathway.
Only 4 of the 26 P. aeruginosa PAO1 chemoreceptors are encoded within chemosensory gene clusters (Table S1 ). In search for coexpression data for chemoreceptors and pathway components, we mined a rich transcriptomic compendium for P. aeruginosa, which provides integration of expression data from more than 100 independent experiments (38) . We looked for appearances of all chemotaxis genes with high potential coregulation (Fig. S2 ). The data strongly support coexpression of pilJ and the rest of the chp/TFP gene cluster and coexpression of mcpK and the che I/F6 cluster; however, data for other chemoreceptor genes was inconclusive.
Specificity Between Chemoreceptor and Pathway Classes. Chemoreceptors can be classified in terms of the number of helical heptads that comprise their conserved signaling domain (39) . For example, the E. coli chemoreceptor Tsr has 36 heptads in its signaling domain ( Fig. 1 ) and thus belongs to the 36H class. Genomic evidence suggested that chemoreceptors of certain heptad classes interact preferentially with certain chemosensory pathway classes defined based on evolutionary considerations (8) . We revisited this relationship by identifying 403 complete genomes in the MiST database (35) that had a single chemosensory pathway and assigned all chemoreceptors in these genomes to their pathways (8, 39) . Our analysis confirmed previously found patterns, but it also revealed that chemoreceptors from certain classes, for example 24H and 40H, are associated with pathways that belong to various classes (Table S2) . Conversely, pathways that belong to the same class (e.g., F6) can be associated with chemoreceptors from different heptad classes. We classified all 1,724 chemoreceptors from the 81 complete Pseudomonadales genomes in four heptad classes: 40H (82%), 24H (7%), 36H (2%), and 34H (1%) (with 8% unclassified). In the P. aeruginosa PAO1 genome, 21 chemoreceptors were classified as 40H, 2 as 24H, 1 as 36H, and 2 remained unclassified (Table S1 ). Because three of the four chemosensory pathways (Che I/F6, Wsp/ACF, Chp/TFP) in P. aeruginosa potentially can utilize the majority of chemoreceptors in the genome (40H class), their pathway assignment cannot be clarified. However, the only 36H class chemoreceptor can be confidently assigned to the Che II/F7 pathway, because 36H chemoreceptors were never found in genomes containing F6 as the sole chemosensory pathway and 40H chemoreceptors are not associated with F7 pathways (Table S2) .
Pathway-Specific Signaling Complex Patterns. In a chemosensory complex, chemoreceptors interact with the kinase, adaptors and each other via a distinct, highly conserved subdomain known as the tip (Fig. 1) . These multifaceted interactions are the likely reason for the unusually high sequence conservation in the tip (39, 40) . However, we hypothesized that there should be variations in the pattern that lead to pathway specificity. To identify these variations, we built consensus sequences for each of the chemoreceptor COGs and then compared them using hierarchical clustering and conserved sequence pattern visualization. The clustering/pattern visualization revealed a motif (LLAxxxxIExAR), which is identical in 23 chemoreceptor COGs, but is different in 3 other chemoreceptor COGs: McpB (ILAxxxxVExAR), WspA (LLSxxxxIExEK), and PilJ (ILAxxxxIQxSM) (Fig. 2) .
Experimental studies identified likely chemoreceptor-CheA (41-43) and chemoreceptor-CheW (42, 44, 45) binding determinants in homologous systems from Thermotoga maritima and E. coli. We mapped these sites on the corresponding positions of Pseudomonas chemoreceptors and found that, satisfactorily, they overlap with the pathway-specificity motif (Fig. 2) . If indeed the specificity determinants on chemoreceptors overlap with CheA and CheW binding sites, then the opposite should also be true: regions in CheA and CheW that contain chemoreceptor-binding sites should contain specificity determinants. To verify this proposition, we used multiple sequence alignments of CheA COGs to map chemoreceptor binding sites identified in homologous systems (Fig. 3A and Dataset S3). Conservation patterns revealed a motif clearly distinguishing the four CheA histidine kinases in P. aeruginosa: LTYIVES in PA1458 (F6), LVNVNEI in PA0178 (F7), LAHIERM in PA3704 (ACF), and LNTIEGI in PA0413 (TFP). Similarly to the binding sites on chemoreceptors, the CheA motifs consist of positions that are universally conserved between all homologs and positions that are uniquely conserved in each CheA class (i.e., are pathway-specific). Fig. 3B shows visualization of some of the potential pathway-specific contacts between a chemoreceptor and CheA using the allatom model of the T. maritima chemosensory array (46) . The four chemosensory pathways in P. aeruginosa utilize eight adaptor-like proteins, each belonging to a unique COG. COG assignments (Dataset S2), phylogenetic trees (Fig. S3) , and gene neighborhood associations (Table S1 ) allowed us to assign each adaptor-like protein to a specific pathway. We mapped experimentally determined CheW chemoreceptor-binding sites on consensus sequences of adaptor proteins (Fig. 3 C and D) . Similarly to CheA, the majority of these sites mapped to a small region of the CheW domain around a highly conserved residue E38 (numbering for E. coli CheW protein), which forms a salt bridge with R62 to maintain the correct alignment of the chemoreceptor and kinase binding sites of CheW (47) . Remarkably, the overall sequence similarity comparison places CheW proteins from F6 (PA1464) and F7 (PA0177) pathways together, whereas CheV is placed into a separate cluster (Fig. S3) ; however, the identified chemoreceptor-specificity motif is shared by CheW-F6 and CheV (NVxxVxEVL), but it is quite different in CheW-F7 (DIxxVxEIR) (Fig. 3C) . Both CheW-F6 (PA1464) and CheV are known to be part of the same signaling pathway in P. aeruginosa (Table S1 ), thus supporting the specificity-motif assignment. In addition, we found that seven adaptor proteins contain the conserved E38-R62 salt bridge, whereas it is missing from the CheW-domain containing protein PA1463 (Fig. S3) . Consequently, we propose that this protein is not involved in chemosensing, but acts similarly to the CheW domain-containing ParP protein from Vibrio cholerae (48).
Pathway-Specific Conserved Methylation Sites. Experimental studies showed that the CheR methyltransferases in P. aeruginosa and Pseudomonas putida are pathway-specific (49, 50) . CheR methylates specific glutamyl residues that are well conserved (39) . We have identified one putative methylation site ( Fig. 4A and Dataset S4) that was conserved not only in sequence, but also in its location on a specific heptad C13, in 19 chemoreceptors (all from 40H class) that we assigned to the Che I/F6 pathway. From all of the 26 chemoreceptors in the genome, 4 did not have any identifiable methylation sites and may undergo methylation-independent adaptation similarly to the Aer chemoreceptor in E. coli (51): McpA, BdlA, PA4290, and McpS. In a remarkable contrast, WspA and PilJ had predicted methylation sites that were differently conserved in sequence and were found in different heptads (C14 and C15, respectively). In McpB, which was predicted to interact with the Che II/F7 pathway, the methylation site pattern is nearly identical to that of the Tsr chemoreceptor, which belongs to the F7 chemosensory pathway in E. coli (Fig. 4A and Fig. S3 ).
All CheR methyltransferases contain an N-terminal domain, which is proposed to interact with the methylation regions in chemoreceptors. Furthermore, several positively charged amino acid residues in the second α-helix of this domain were crosslinked with negatively charged residues on the surface of the methylation region (52) . Conservation patterns of CheR COGs show expected enrichment with positively charged residues, but at the same time, their locations are strikingly different in CheR proteins from different pathways (Fig. 4B) , thus complementing the presence of pathway-specificity determinants in the chemoreceptor methylation regions. Based on several lines of evidence derived by independent computational approaches and taking into consideration a large volume of published experimental data, we were able to assign each of the 26 chemoreceptors in P. aeruginosa PAO1 to a single chemosensory pathway (Fig. 5 ).
Discussion
Assigning receptors to different pathways is a combinatorial problem, which worsens with increasing numbers in each category. With its 26 chemoreceptors possibly working with four individual pathways, P. aeruginosa PAO1 presents a challenging case. We addressed the problem computationally and used available experimental data to design more focused computational inquiries. Explicitly, the key information for assigning chemoreceptors to individual pathways came from comparative sequence analysis of their specific regions that are involved in protein-protein interactions: conserved methylation sites and the CheA kinase/CheW adaptor-interacting subdomain. Subsequently, we were able to assign each chemoreceptor to an individual pathway. Three chemosensory pathways in P. aeruginosa utilize only one dedicated chemoreceptor, whereas the fourth pathway, which is the main system controlling chemotaxis, utilizes 23 chemoreceptors. Satisfactorily, available experimental data match pertinent assignments, making credible other assignments for which no experimental data are currently available. The computational prediction that McpB is the sole chemoreceptor interacting with the Che II/F7 chemotaxis pathway is in full agreement with published experimental evidence. No Che II/F7 chemosensory complex formation occurs in the mcpB mutant, indicating that the absence of this chemoreceptor cannot be compensated by the presence of other receptors (15) . This is further supported by the fact that the CheR methyltransferase of the Che II/F7 pathway exclusively methylates McpB (49) .
The computational prediction that WspA is the sole receptor interacting with the Wsp pathway is also in full agreement with available experimental evidence. WspA is absolutely required for c-di-GMP formation by the response regulator WspR (17, 18, 24) . Computational prediction that PilJ is the sole chemoreceptor interacting with the Chp/TFP pathway also agrees with previously published experimental evidence. The deletion of pilJ results in loss of surface piliation, twitching motility, and reduction in cAMP levels (19) (20) (21) (22) (23) that are all controlled by the Chp/TFP pathway.
Computational prediction that 23 other chemoreceptors in P. aeruginosa PAO1 all feed into a single Che I/F6 pathway, which is the major system controlling chemotaxis (12) , is supported by a significant body of experimental evidence implicating several of these chemoreceptors, namely PctA, PctB, and PctC (25, 26) , CtpH and CtpL (27, 28) , TlpQ (29) , McpA (30), PA2652 (31), McpS (32) , and McpK (33) in chemotaxis. However, experimental evidence alone cannot exclude a possibility that some or all of these chemoreceptors can potentially interact with the Che II/F7 pathway, which is also involved in mediating chemotaxis. Our computational results argue strongly against this possibility. Furthermore, for all other chemoreceptors in P. aeruginosa, experimental evidence is lacking and the results of the computational analyses presented here enable assignment of these chemoreceptors to the major chemotaxis pathway.
One case that appears to contradict our prediction involves the BdlA chemoreceptor, which we assign to the major (F6) chemotaxis pathway based on the conservation of the signaling domain. A substantial body of experimental evidence links BdlA to biofilm formation and c-di-GMP turnover (53, 54) , functions that are also attributed to the Wsp/ACF chemosensory pathway; however, there are no data suggesting that BdlA feeds into this pathway. BdlA was shown to interact with two c-di-GMP-modulating enzymes, DipA and GcbA (55, 56) , that are not connected to any of the four chemosensory pathways. More importantly, BdlA has never been studied in chemotaxis assays and, in contrast to DipA and RbdA, chemotaxis proteins were not subjected to pull-down assays with BdlA. Thus, our prediction that BdlA interacts with the main chemotaxis pathway awaits experimental verification.
One of the strongest advantages of comparative genomic analysis is its ability not only to uncover, but also to refute certain relationships. This is much harder to do experimentally. For example, while experimental evidence that WspA specifically interacts with the Wsp pathway is overwhelming, one cannot exclude the possibility that one or more other chemoreceptors might interact with the same pathway. In this case, WspA has unique sequence patterns in two regions where it interacts with the Wsp pathway (methylation sites and kinase/adaptor binding subdomain); all of the other chemoreceptors have very different sequence patterns. Thus, no other chemoreceptor than WspA is predicted to interact with the Wsp pathway.
On the other hand, without in-depth a priori knowledge about these biological pathways obtained through various experimental approaches by many research groups over decades, most of our computational analyses would not work, as clearly illustrated by failed attempts to solve the problem using general bioinformatics approaches.
Methods
Sequences of chemotaxis proteins and associated information were obtained from the MiST 2.2 database (35) . Standard bioinformatics tools and packages were used in all computational approaches (see SI Methods for full details).
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